Retroviral restriction factor TRIM5␣ exhibits a high degree of sequence variation among primate species. It has been proposed that this diversity is the cumulative result of ancient, lineagespecific episodes of positive selection. Here, we describe the contribution of within-species variation to the evolution of TRIM5␣. Sampling within two geographically distinct Old World monkey species revealed extensive polymorphism, including individual polymorphisms that predate speciation (shared polymorphism). In some instances, alleles were more closely related to orthologues of other species than to one another. Both silent and nonsynonymous changes clustered in two domains. Functional assays revealed consequences of polymorphism, including differential restriction of a small panel of retroviruses by very similar alleles. Together, these features indicate that the primate TRIM5␣ locus has evolved under balancing selection. Except for the MHC there are few, if any, examples of long-term balancing selection in primates. Our results suggest a complex evolutionary scenario, in which fixation of lineage-specific adaptations is superimposed on a subset of critical polymorphisms that predate speciation events and have been maintained by balancing selection for millions of years.
Retroviral restriction factor TRIM5␣ exhibits a high degree of sequence variation among primate species. It has been proposed that this diversity is the cumulative result of ancient, lineagespecific episodes of positive selection. Here, we describe the contribution of within-species variation to the evolution of TRIM5␣. Sampling within two geographically distinct Old World monkey species revealed extensive polymorphism, including individual polymorphisms that predate speciation (shared polymorphism). In some instances, alleles were more closely related to orthologues of other species than to one another. Both silent and nonsynonymous changes clustered in two domains. Functional assays revealed consequences of polymorphism, including differential restriction of a small panel of retroviruses by very similar alleles. Together, these features indicate that the primate TRIM5␣ locus has evolved under balancing selection. Except for the MHC there are few, if any, examples of long-term balancing selection in primates. Our results suggest a complex evolutionary scenario, in which fixation of lineage-specific adaptations is superimposed on a subset of critical polymorphisms that predate speciation events and have been maintained by balancing selection for millions of years.
HIV ͉ retrovirus ͉ restriction T RIM5␣ (tri-partite motif protein 5, ␣ isoform) was identified as the source of a major block to infection of Old World monkey (OWM) cells with HIV strain 1 (HIV-1) (1, 2). Human TRIM5␣ does not restrict HIV-1, a fact that is likely to have contributed to the extent of the AIDS pandemic. In the wake of these findings, TRIM5␣ orthologues were cloned from a wide variety of primate species, including Old and New World primates, and tested for retroviral restriction (3) (4) (5) . Collectively, primate TRIM5␣ proteins can restrict a variety of retroviruses, and some orthologues have been shown to restrict multiple, unrelated retroviruses (reviewed in refs. [6] [7] [8] . Different species display unique patterns of TRIM5␣-mediated restriction. For example, rhesus TRIM5␣ restricts both HIV-1 and N-tropic murine leukemia virus (MLV-N), whereas human TRIM5␣ restricts MLV-N but not HIV-1 or simian immunodeficiency virus (SIV) (2, (9) (10) (11) .
Several lines of evidence suggest that specificity of TRIM5␣-mediated restriction is governed largely by the C-terminal SPRY/ B30.2 domain (3, (12) (13) (14) (15) . Based on sequence similarity to known protein motifs, three other domains can be identified, including a RING domain, a B-box2, and a coiled-coil (CC) (reviewed in refs. 7 and 16). The contributions of the RING and B-box domains to retroviral restriction have not been defined, although both domains are important for function (14, 15, 17) . The CC domain is involved in self-association of the protein and, along with the SPRY domain, contributes to viral specificity (14, 15, 18, 19) . Evidence from several groups suggests that direct interaction of TRIM5␣ with the retroviral capsid is required for restriction (3, (20) (21) (22) (23) (24) (25) .
Previous analyses revealed considerable interspecies variability in primate TRIM5␣ sequence and provided evidence for positive selection operating on selected regions of the protein (3-5). To look for variation within species (polymorphism), we analyzed TRIM5␣ coding sequences from multiple individuals within two geographically and phylogenetically distinct species of OWMs, rhesus macaques (Macaca mulatta) and sooty mangabeys (Cercocebus atys). Rhesus macaques encompass several subspecies found throughout the Asian subcontinent (26) . These animals are resistant to infection with HIV-1 but are highly susceptible to infection with certain strains of SIV and have therefore become an invaluable model for AIDS vaccine research (27, 28) . Sooty mangabeys are found exclusively in Western Africa, where they are endemically infected with SIVsmm (29, 30) . Despite robust levels of viral replication, infection does not result in any apparent signs of immunodeficiency or disease (31) (32) (33) (34) ; for this reason, sooty mangabeys have also generated considerable interest as subjects of HIV/AIDS research.
Results
To identify sites of intraspecific polymorphism in rhesus macaques, multiple full-length TRIM5␣ cDNAs were derived from 12 unrelated animals and sequenced. Sequence alignments revealed an in-frame insertion/deletion polymorphism (positions 1015-1020, amino acids 339-340) and 20 common SNPs for which the minor allele was present in at least three individuals ( Fig. 1 and Table 1) . Interestingly, indel 1015-1020 and all nonsynonymous SNPs (nsSNPs) clustered exclusively in the CC and the SPRY domains. Unexpectedly, most synonymous polymorphisms also clustered in these two regions (Fig. 1) . Genomic DNA samples from these and 14 additional animals were used to confirm the presence of each polymorphism (data not shown). At least three of these nsSNPs (amino acids 184, 196, and 307) were also found in two rhesus cell lines (9) . Based on the distribution of 21 polymorphisms, rhesus macaque TRIM5␣ coding sequences were grouped into six alleles ( Table 1 ). The amino acid sequence of allele 1 (Macaca mulatta allele-1, or Mamu-1) was identical to the published rhesus TRIM5␣ sequence (1), whereas the sequence of allele 6 (Mamu-6) was the most divergent [see supporting information (SI) Fig. 5 ].
We typed 54 additional animals by high-resolution DNA melting analysis of the region surrounding indel 1015-1020 (SI Fig. 6 ). Thirty-four of 54 (63%) were heterozygous in this region. In a subset of these animals, the presence of indel 1015-20 was confirmed by polyacrylamide-gel electrophoresis and BanI digestion (SI Fig. 6E ). Because the C-terminal half of the CC domain harbored many of the observed polymorphisms, the same animals were surveyed by HR-DNA melting analysis of a region spanning nt 508-750; Twenty-eight of 54 animals (52%) were heterozygous in this region (SI Fig. 6 ). Thus, polymorphism in these two short segments is a common property of the rhesus TRIM5 locus.
We next surveyed 19 sooty mangabeys and identified 12 polymorphisms that occurred at high frequency (the minor variant was present in three or more individuals). The distribution of polymorphisms among the sooty mangabey sequences permitted preliminary classification of four alleles ( Table 2 ). The clustering of polymorphisms was strikingly similar to rhesus macaques, with synonymous and nsSNPs localized predominantly in the CC and SPRY domains (Fig. 1) .
Several studies report that residue 334 of TRIM5␣ and adjacent residues influence target-specificity (14, 15) . Among known primate TRIM5␣ orthologues, this residue is a proline, a glutamine, or an arginine (3) (4) (5) . Our analysis revealed the presence of a 334Q/R polymorphism in sooty mangabeys. The 334R was present in at least one copy in 9 of 19 sooty mangabeys, and 9 individuals had at least one copy of the 334Q allele. Surprisingly, a third variant (334P) was also identified in one animal. Repeated cloning and sequencing of TRIM5␣ from this animal, by both RT-PCR of cellular RNA and by PCR of genomic DNA, has identified only the 334P variant, suggesting that this individual may be homozygous (334P/334P).
The maintenance of polymorphism over very long evolutionary periods is unlikely unless some form of balancing selection acts to counter the processes of purifying selection and random genetic drift (35, 36) . Nonetheless, we identified polymorphisms at seven sites in OWM TRIM5␣ that predate speciation. Three of these polymorphisms clustered within a 94-nt stretch of exon 4 (184, 196 , and 215) and four within a 25-nt stretch of exon 8 (333, 334, 339-340, and 341) (Fig. 2) . Three polymorphisms (184S/L, 215c/t, and 334P/Q/R) are unambiguous cases of shared polymorphism (i.e., both alleles were present at high frequency in two or more lineages, indicating that the polymorphism arose in a common ancestor). Among these, the 334P/Q/R polymorphism is especially intriguing, because the presence of the Q and R states in both the OWM and hominid lineages suggests that both alleles (at position 334) have been maintained for Ͼ23 million years (37) . The closely linked 184S/L (nonsynonymous) and 215c/t (synonymous) polymorphisms are shared by rhesus macaques and sooty mangabeys and therefore appeared no less than 8-10 million years ago (38) . The 215c/t change is presumably neutral, and may have persisted because of tight linkage with nearby selected sites ( Fig. 1) . At sites 196, 333, 339-340, and 341 polymorphism was detected in only one of the two species sampled; however, each of the alternative states was found in at least two other species (Fig. 2) . Therefore, these polymorphisms also predate speciation, and for each site, at least one extant species continues to maintain both alleles. For example, residue 196 is polymorphic in rhesus macaques (196W/R), but the R variant is present in Macacca fascicularis and Macacca nemestrina, and the W variant is found in sooty mangabey, Macacca assamensis, and hominids ( Fig. 2) .
To determine the evolutionary relationship between rhesus macaque and sooty mangabey TRIM5␣ alleles, all sequences were subjected to phylogenetic analysis. Sequences from additional Macaca species and hominids were included. Alignments were analyzed by neighbor-joining ( Fig. 2 ) and maximum parsimony (MP) (data not shown), and trees were subsequently rooted by using the hominid cluster as an outgroup. There was strong bootstrap support for the sooty mangabey cluster (98% of 1,000 replicates) and for the hominid cluster (100%). Within Macaca sp., support was strong for the terminal nodes leading to the Mamu-1/Mamu-2 grouping (90%) and the Mamu-5/Mamu-6 grouping (82%). Resolution within Macaca was weaker (55-76%). MP analysis identified eight minimal trees of equal length (L ϭ 175); all eight preserved the mangabey, hominid, and Mamu-1/Mamu-2 clusters. Alleles did not cluster by species; for example, Mamu-5 and Mamu-6 clustered with M. fascicularis, whereas Mamu-1-Mamu-4 clustered with M. assamen- 
The amino acid sequence of each polymorphic site is compared with published sequences from rhesus macaque (AA558505.1), human, and chimpanzee. sis and all four sooty mangabey alleles. This finding suggests that ancestral alleles diverged before speciation and have been evolving independently in different lineages. It is noteworthy that we identified multiple examples of ancient polymorphism in a limited sampling of only two species (n ϭ 12 and n ϭ 19). Thus, it is likely that additional sampling within these, and other, primate species will reveal more extensive shared polymorphism in the TRIM5 locus.
When maximum parsimony analysis was constrained to identify only trees that conform to established phylogenetic relationships between hominids, mangabeys, and macaques (39) , the pattern at several sites required additional evolutionary assumptions (minimal tree length increased from 175 to 185 steps), including multiple instances of reversal and convergence (SI Fig. 7) . Published estimates put the substitution rate for primate nuclear DNA sequences in the range of 10 Ϫ8 to 10 Ϫ9 substitutions per site per year (for example, see ref. 40) . Therefore, the probability of an identical polymorphism occurring more than once since the divergence of Old World primates (Ͻ25 million years) is very low. More importantly, to explain the pattern of linked changes depicted in Fig. 2 as the result of convergent/parallel evolution would require not just one, but multiple, identical substitutions to occur in similar or identical combinations more than once in a relatively short evolutionary time span. This is highly unlikely, given the low substitution rate, even in the presence of positive selection. Although unusual, the more probable explanation is long-term persistence of multiple alleles because of some form of balancing selection.
An unusual feature of these sequences is the absence of silent changes outside of the polymorphic clusters (Fig. 1) . A prediction of balancing selection operating over long evolutionary periods is that selectively neutral changes closely linked to selected sites may also be preserved (''hitchhiking'') (35), but with increasing distance from the region under balancing selection, neutral substitutions will be uncoupled from selected sites by recombination and will be increasingly subject to loss or fixation by random genetic drift (41, 42) . Thus, the observed pattern is consistent with a locus that has been under balancing selection over a long evolutionary time span.
The expectation of sequences evolving under balancing selection is functional differentiation of allelic variants. To look for evidence of functional diversification, we assessed the consequences of 
The amino acid sequence for each polymorphic site is compared with published sequences from rhesus macaque, human, chimpanzee, and gorilla. Fig. 2 . Phylogenetic analysis reveals unusual features of TRIM5␣ evolution in Old World primates. A neighbor-joining tree is depicted; a similar topology was obtained by using maximum parsimony. Tree was rooted by designating the human/chimpanzee/gorilla cluster as an outgroup. Alleles described in this study include Ceat-1 through Ceat-4 and Mamu-1 through Mamu-6. Additional sequences included Macaca assamensis (accession nos. AY899873.1-AY899879.1), Macaca fascicularis (AB210052), Macaca nemestrina (AY899887.1-AY899893.1), Homo sapiens (NM033034), Gorilla gorilla (DQ298178), and Pan troglodytes (NM001012650). The sequences at sites representing putative transspecies polymorphisms are shown.
TRIM5␣ polymorphism on viral restriction. We used two independent assays to assess viral restriction: a two-color FACS-based assay where HA-tagged rhesus TRIM5␣ alleles were transiently expressed (43, 44) and an infectivity assay using cell lines stably expressing untagged versions of each allele. Single-cycle lentiviruses (HIV and SIV), a ␥-retrovirus (MLV-N) and a ␤-retrovirus [Mason-Pfizer monkey virus (MPMV)] were used as targets of restriction. Both assays demonstrated that Mamu-1, -2, -3, -4, and -5 efficiently restricted HIV-1 and MLV-N, whereas Mamu-6 did not restrict either retrovirus (Fig. 3 and SI Figs. 8 and 9 ). The failure of Mamu-6 to inhibit HIV-1 and MLV-N infection was not due to gross differences in protein expression in either assay, because Mamu-6 expression was comparable to restriction-competent alleles tested in parallel (Fig. 3 B and F Inset) . Although we cannot dismiss differences in expression and/or stability of TRIM5␣ alleles as contributors to differences in restriction, we believe that levels of expression are not solely responsible for the observed difference in restriction by Mamu-6 in these in vitro assays. Interestingly, although alleles Mamu 1-5 differed at several residues in the CC and SPRY domains, all were comparable in their antiretroviral activity. However, Mamu-6, which differs from Mamu-5 by only 2 aa, one in the CC and one in the SPRY domain, lacked antiretroviral activity against the viruses tested.
The restriction properties of the four sooty mangabey TRIM5␣ alleles were also assayed by using the two-color FACS assay (Fig.  4) and stable cell lines (SI Fig. 10 ). All four sooty alleles had moderate-to-weak restriction activity against HIV-1, and three (Ceat-1, -2, and -3) strongly inhibited MLV-N infection. Ceat-4, which differs from Ceat-2 at three sites in the SPRY domain, was unique in that it failed to restrict MLV-N. Ceat-1 protein levels were low in comparison with the other alleles in both transient and stable expression (Fig. 4B Inset and SI Fig. 10) ; however, levels of expression cannot account for the observed differences in restriction activity because cells expressing Ceat-1 still efficiently restrict MLV-N (Fig. 4B) . None of the alleles from either species restricted SIV or MPMV (Figs. 3 and 4) .
Discussion
We surveyed TRIM5␣ sequences from multiple individuals within two species of OWM to look for evidence of within-species variation. Despite clear geographic separation and an estimated divergence time of Ͼ8 million years ago, both species displayed a strikingly similar pattern of polymorphism. Notable features included the presence of multiple alleles and the coclustering of silent and amino acid replacement polymorphisms. Altogether, we identified 20 common SNPs and an insertion/deletion among just 12, unrelated rhesus macaques, and 12 common SNPs among 19 sooty mangabeys. By contrast, over a thousand human individuals have been surveyed, leading to the identification of less than a dozen SNPs in the human TRIM5␣ coding sequence (45) (46) (47) (48) .
Well documented examples of shared polymorphism are found in the incompatibility systems of plants and fungi and the MHC loci of many species (49) (50) (51) (52) (53) . Other than genes within the MHC, there are few examples of shared polymorphism in primates. A recent survey of Ͼ6 ϫ 10 6 base pairs of shared human and chimpanzee sequence for which SNP data were available in both species, identified only 11 instances of shared polymorphism outside the MHC, a number similar to that expected by chance (54) . In contrast, . Two-color restriction assays were carried out as described in Fig. 3 . Representative data from one of three independent experiments is shown. Levels of HA-tagged TRIM5␣ protein in transduced cells is shown (Inset in B) .
we identified three shared SNPs in TRIM5␣ (of only 1494 bp) and four additional polymorphisms that clearly predate radiation of modern OWMs. Shared, ancient polymorphisms constitute compelling evidence for long-term balancing selection at the TRIM5 locus of Old World primates. Long-term balancing selection, involving the maintenance of multiple alleles over millions of years and through multiple speciation events, is thought to be rare, the best documented examples being self-incompatability systems of certain plants and fungi and loci of the MHC (41) and possibly the ABO blood group system (55). This is in contrast to classical examples of balancing selection, such as the ␤-globin gene cluster and bitter-taste receptors, which typically involve a small number of alleles confined to an extant species or a population within a species (56-59).
Previous reports described significant interspecies variability in TRIM5␣ (3) (4) (5) 13) . However, in these studies each species was typically represented by a single, orthologous sequence. Thus, sites that appeared to be variable between species might actually represent sites of variation within species. Indeed, we found that at least four sites previously shown to contribute to interspecies variability were, in fact, polymorphic (327P/T, 334P/Q/R, 341P/Q, and indel339-340). The extent to which presumed interspecies variation can actually be attributed to polymorphism will require further sampling within multiple species.
Sawyer et al. (3) identified a 13-aa patch clearly evolving under positive selection in the SPRY domain of OWMs and hominids, and similar results have been reported by others (5, 13) . We identified 10 nsSNPs in the SPRY domain, five of which mapped to this same stretch of 13 aa. Sawyer et al. proposed a model in which a history of virus-host interactions has selected for fixation of species-specific adaptations (''evolutionary arms-race'' scenario) (3). Our finding that some sites of interspecies variability are in fact polymorphic doesn't conflict with this model but does suggest a more complex scenario in which lineage-specific amino acid replacements are superimposed over a subset of polymorphisms that predate speciation and have been maintained for millions of years by balancing selection.
Given published evidence that the SPRY domain is a specificity determinant (reviewed in refs. [6] [7] [8] , the finding of polymorphism in this domain was not surprising. But what might explain the presence of balanced polymorphism in the CC domain? One possibility is that the CC is also involved in targeting, perhaps by interacting with viral targets directly or through as yet unidentified protein intermediates. Because the CC mediates multimerization, changes could also act at a distance to modify the spatial arrangement of SPRY domains, thus giving rise to new or altered specificities. An alternative and intriguing possibility is that polymorphism in the CC might have been selected secondarily to changes in the SPRY domain to minimize dominant-negative interference when different alleles are expressed in heterozygous individuals. Although speculative, support for this notion comes from previous reports that isoforms of TRIM5 and other TRIMs lacking functional SPRY domains can act as dominant-negative inhibitors of TRIM5␣ function (15, 18, 60, 61) .
Even though the genetic distance between alleles in both species was low (Ͻ2%), we were able to functionally differentiate alleles based on an initial screening of four retroviruses. Although this pattern may be unique to the viral agents we chose to test, it potentially reflects selection to maintain functional diversity. It has been argued that diversity in the MHC is driven by heterozygote advantage, the notion that heterozygotes, who express twice as many alleles of each MHC locus than homozygotes, benefit by being able to recognize a broader range of epitopes (53, 62) ; perhaps a similar mechanism accounts for maintenance of polymorphism in OWM TRIM5␣. One might even speculate that formation of TRIM5␣ heteromultimers in heterozygous individuals could lead to specificities not encoded in the amino acid sequences of the individual alleles. Although the nature of the agents driving selection is unknown, it is worth noting that a number of diverse retroviruses are common among Old World primates, including betaretroviruses (simian retrovirus, MPMV), deltaretroviruses (primate T lymphotropic viruses), gammaretroviruses (gibbon ape leukemia virus, baboon endogenous virus), lentiviruses (SIVs), and spumaretroviruses (simian foamy virus) (63) .
Previous reports have shown that sequence variation in TRIM5␣ is responsible for the appearance of species-specific patterns of TRIM5␣-mediated restriction (reviewed in refs. [6] [7] [8] . Our findings of polymorphism in two divergent lineages of OWMs indicate that specificity varies not only between species but also within species. Thus, the notion of species-specificity may be oversimplified, particularly in the case of species where only a single TRIM5␣ allele has been tested. To date, extensive sampling within a species has been reported only for human (45) (46) (47) (48) .
The current release of the rhesus macaque genome sequence (www.ensembl.org/Macacamulatta/index.html) does not contain duplication(s) of TRIM5, and our data are consistent with a single, multiallelic locus. Nonetheless, we cannot rule out the possibility that expansion/contraction of TRIM5 copy number during the course of primate evolution has contributed to the maintenance of specific amino acid replacements (i.e., that some of the described differences could have been selectively maintained not as alleles of one locus, but as sequences of paralogous loci). Further populationlevel sampling within multiple branches of the primate order will be necessary to clarify the complex and interesting evolutionary history of the TRIM5 locus.
Closely related, naturally occurring alleles of TRIM5␣ also provide unique tools for the study of function. For example, identifying the polymorphisms responsible for differential restriction may identify previously overlooked residues of TRIM5␣ important for target-specificity, clarify additional contributions of the CC domain to function, and potentially aid in identification of cellular cofactors.
Materials and Methods
Cells. HEK293T/17 and feline renal fibroblasts (CRFK) were obtained from American Type Culture Collection (Manassas, VA) and grown in DMEM/10% FBS. The viral packaging cell line GP2-293 expressing viral gag and pol proteins was obtained from Clontech (Mountain View, CA) and grown in DMEM/10% FBS.
Recombinant Viruses. Recombinant retroviruses were produced by cotransfection of HEK293T/17 cells with appropriate plasmids by using the Transfectin Lipid Reagent (Bio-Rad, Hercules, CA). At 72 h after transfection, cell-free supernatant was collected and viral titer was determined by infection of CRFK cells and subsequent enumeration of GFPϩ cells by FACS. Recombinant HIV-1 viruses were produced by cotransfection with pNL43⌬envFL, pVSV-G (Clontech) and pLenti-GFP. SIVmac recombinant viruses were produced by cotransfection with pHDM.G, pFS⌬PR⌬INEGFP, and pGPFusion as described in ref. 64 . Plasmids for production of SIVmac recombinant viruses were a gift of David Evans (New England Primate Research Center/Harvard Medical School). Production of N-tropic MLV (MLV-N) was carried out by cotransfection with pCIGN (gift of Jonathan Stoye, Medical Research Council, London, U.K.), pVSV-G, and pLXIN-EGFP. To generate a replication-defective, GFP expressing M-PMV vector, EGFP was PCR amplified from pEGFP-N1 (Clontech) by using pfu polymerase (Stratagene, La Jolla, CA) the 5Ј primer GFP-F (5Ј-CTC-TCCTCGAGATCGCTCTTTCCCTTGTTCACAGATATGG-TGAGCAAGGGCGAG-3Ј) and the 3Ј primer GFP-R (5Ј-GTAAGGCTAAGCTTACTTGTACAGCTC GTCCA-3Ј). The resulting 768-bp fragment was inserted into the plasmid pSARM-X (65) by using the restriction sites XhoI and BlpI. In the resulting vector, pSARM-EGFP, EGFP replaces the env gene and uses the endogenous splice-acceptor site of the env gene for its expression.
